The jet propulsion exhaust nozzle system is an integral part of an airbreathing gas turbine engine and critical to its overall performance. Challenges associated with the design and manufacturing of an exhaust nozzle increases with the cruise speed of the aircraft. The exhaust nozzle system for a supersonic cruise aircraft mandates additional features such as variable throat and exit area, jet noise suppression, and reverse thrust. In the past, in order to address this challenge, an ejector nozzle with clamshells was designed and fabricated. The experimental investigation and computation of the nozzle at low subsonic conditions showed the presence of a recirculation zone at the inner surface of the clamshells. The present work summarizes the computational simulation of the ejector nozzle with clamshells at flight conditions. Similar recirculation zones were predicted at the inner surface of the clamshells. Initiatives were taken to improve the ejector performance by the elimination of the recirculation zone. The current nozzle design was modified by the application of chevrons on the nozzle throat. A preliminary design and computational analysis of the ejector nozzle with clamshells and chevrons was carried out. Two design cases with different number of chevrons were implemented and their computational analysis was successfully carried out. It was observed that the nozzle flow features were improved because of enhanced mixing and the recirculation zone was decreased in its extent. 
I. Introduction
Design requirements for a viable supersonic transport aircraft pose conflicting requirements on the design and configuration of the propulsion system. 1 The performance of the exhaust nozzle is critical to the overall system performance as it provides the required thrust efficiently during different phases of flight such as subsonic take-off, transonic acceleration, supersonic cruise and subsonic approach. Engine manufacturer Rolls-Royce and business class aircraft manufacturer Gulfstream Aerospace Corporation are collaborating on the development of technologies for a supersonic jet. Figure 1(a) shows the schematic representation of a high-speed turbofan engine with variable area nozzle. Research and technology development activities were carried out at the Rolls-Royce university technology center for high Mach propulsion, Purdue university. Two different supersonic exhaust nozzle concepts viz. the shrouded plug nozzle and the ejector nozzle with clamshells, were extensively studied and their experimental investigation and computation was carried out.
2-4
The present work summarizes the results obtained from the computational simulation of the ejector nozzle at flight conditions. In the past, a similar ejector nozzle was used in the Olympus-593 engine which powered the Concorde aircraft.
The potential of ejectors in thrust augmentation and jet noise reduction was identified during the 1960s, during various supersonic transport programs. From 1960 to 1985, several supersonic transport programs such as the supersonic transport (SST:1963 (SST: -1972 , supersonic cruise aircraft research (SCAR:1975 (SCAR: -1981 and high speed research (HSR) were started and several new ejector-based nozzle concepts were realized. A comprehensive summary of various nozzles designed during these supersonic transport programs and their experimental results is given by Stitt.
5 Ejector propulsion nozzles have several advantages such as jet noise reduction, infra-red signature control, and improvement in the converging-diverging (CD) nozzle gross thrust coefficient in certain operating regimes. 6 A recent study demonstrated the application of ejector phenomenon in extracting the nacelle boundary layer and resulting in a nacelle drag reduction. 6 Additionally, the potential of the entrained ejector flow in effective thermal management by acting as a cool heat sink for nacelle-immersed heat exchangers was explored.
II. Experimental Investigation and Computation

7
In the past, a new design of the ejector nozzle with clamshells was proposed and fabricated using the computed-numerically-controlled (CNC) technique. Figure 1(b) shows the computer-aided-design (CAD) model of the ejector nozzle with clamshell doors. The experimental investigation of the ejector nozzle with clamshells at low subsonic conditions was carried out in the Boeing wind tunnel at Purdue University's Aerospace Sciences Laboratory. The test nozzle was of 0.123 scale operated at approximately M throat = 0.25 and Re D = 760, 000. The experimental results showed a zone of flow separation at the inner surface of the clamshells, as shown in Figure 2 (a).
Computational simulations of the ejector nozzle with and without clamshells were carried out to understand the flow physics in a better way. A zone of flow separation, similar to experiments, was captured at the inner surface of the clamshells and shown in Figure 2 (b). It was concluded that this flow separation was because of the inability of the resulting free shear layer in attaching with the inner surface of the clamshells. This study was extended by the computational simulation of the nozzle at flight conditions. Similar recirculation zones were encountered at the inner surface of the clamshells. In the present work chevrons are introduced on the nozzle throat to enhance mixing and minimize the recirculation zone. The design, computational analysis, and results are discussed.
III. Design Philosophy
The presence of a zone of separation and recirculation near the inner surface of the clamshells had detrimental effects on the advantages of the ejector nozzle with clamshell doors, such as reduced thrust augmentation and noise suppression. The flow was separated because of the inability of the free shear layers, originating from the primary nozzle surface, to attach to the inner surface of the clamshells. This phenomenon was studied in detail by Der.
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One of the proposed measures to overcome flow separation and recirculation zones is to introduce streamwise vortices in the ejector flow by the application of passive mixing devices such as chevrons or tabs, thereby enhancing the mixing between the ejector flow and the nozzle flow. The concept of chevrons is not new and has already been used in civil air-transportation powerplants such as the Rolls-Royce Trent-1000 and the General Electric GE-NX. The application of chevrons on the ejector nozzle is expected to result in the enhanced spreading of the jet and forces the shear layer to attach to the inner surface of the clamshells thereby reducing the flow separation as shown in Figure 3 . In addition to the ejector nozzle performance improvement, chevrons have noise suppression capability in the low frequency part of the spectrum.
The term Chevrons literally means a V-shaped pattern and in the context of jet engines, a chevron nozzle features triangular serrated trailing edge. When compared with a baseline axisymmetric nozzle, this additional feature promotes streamwise vortices, which along with the naturally occurring toroidal vortices, accelerate the mixing between the jet exhaust and surrounding atmospheric air. Enhanced mixing results in a reduction of the exhaust velocity and therefore the jet noise in accordance with the Lighthill's eighth power law (U 8 ).
9
The ejector nozzle with chevrons introduces counter-rotating streamwise vortices into the primary nozzle flow. These kidney-shaped vortices interact with the ejector flow and the primary nozzle flow. This results in an increased mixing and outward spreading of the shear layer which finally attaches to the inner surface of the clamshell doors. The design of the chevron is critical from the aeroacoustic point of view. The enhanced mixing results in additional small-scale eddies which produce high frequency noise. Hence the design of the chevron should be such that it increases the mixing with minimum high frequency noise penalty. This can be achieved by the use of advanced optimization techniques.
As compared to other passive mixers such as corrugated mixers, which suffer from additional weight, drag, and increased specific fuel consumption, chevrons offer simplicity in design, manufacturing, and maintenance with much smaller weight and high frequency penalties.
10 As an example of previous studies, Kenzakowski et al.
11 studied the effect of passive noise reduction devices such as chevrons and tabs in plume mixing enhancement and compared the mean and turbulent flow fields obtained using the in-house CRAFT flow solver with experiments conducted at National Aeronautics and Space Administration (NASA) Glenn Research Center (GRC). Also, Bridges and Brown 12 conducted a parametric experimental study of the chevron nozzles. They performed flow field measurements using particle image velocimetry (PIV) and acoustic-field measurements on single-flow hot and cold jets with chevrons, varying their count, penetration length, and symmetry.
IV. Nozzle Design and CAD Geometry
The baseline ejector nozzle geometry used in the current design task was scaled up (8.13 : 1) to represent the full-scale flight geometry. The baseline CAD geometry, parametrically defined using the CATIA CAD package, was exported as a standard for the exchange of product (STEP) model file for better compatibility with the Pro/Engineer CAD package. Chevrons were designed based on the dimensions from the previous study of Janardan et al. and documented in reference. 13 Various dimensional variables used in the design of the chevron are given in Table 1 .
The chevron on the nozzle surface was created using the Pro/Engineer Wildfire 4.0 CAD package. Solid modeling operations such as extrusion and subtraction were used to cut the nozzle throat surface in the form of chevrons. In the current study, two designs were implemented which differ from each other in the total number of chevrons and their dimensions. Design I consisted of 12 chevrons resulting in the chevron-crest on the ejector nozzle Z=0 symmetry plane. Design II was based on the dimensions corresponding to 14 chevrons and resulted in the chevron-trough on the ejector nozzle Z=0 symmetry plane. The chevron-crest is defined as the peak of the chevron and the chevron-trough is defined as the middle point in between the two chevron peaks. The basic features of the above mentioned two designs are tabulated in Table 1 . 
V. Computational Analysis
Detailed computational simulations of the above mentioned two designs were carried out using commercial computational fluid dynamics (CFD) flow solvers viz. the ANSYS FLUENT and the ANSYS CFX. In addition to this, Rolls-Royce in-house HYDRA-CFD flow solver was used for comparison. The computational simulation of the baseline nozzle (without chevrons) was performed for the flow field comparison and nozzle performance analysis. Details about the computational mesh, boundary conditions implemented, and discussion on the flow solvers are as follows:
A. Computational Mesh
As a first step towards the three-dimensional computational simulation of the ejector nozzle with chevrons, computational meshes for the baseline ejector nozzle (without chevrons), ejector nozzle with 12 chevrons (Design I) and ejector nozzle with 14 chevrons (Design II) were created. Grids were created using the Pointwise GRIDGEN 14 version 15.10 grid generation code. The nozzle geometry was exported in the initial graphics exchange specification (IGES) format from the Pro/Engineer Wildfire v4.0 CAD package with edges and surfaces as the required entities. Edges are required for the creation of connectors and surfaces are required for creating databases on which GRIDGEN projects the surface mesh.
A 3-D, multiblock, nonoverlapping hybrid grid was created. An unstructured mesh was used on chevron surfaces which were extruded as prisms for the boundary layer mesh. Structured blocks were used for the far field and shear layer region. The nozzle geometry was symmetric about the Y =0 and Z=0 plane. Hence a quadrant of the geometry was used for grid generation and CFD simulation.
In order to capture the streamwise vortices introduced by the chevrons, additional grid points were placed inside the unstructured block in the form of a structured block. The interface between the structured and unstructured blocks consisted of pyramid cells. The present CFD simulation involved high subsonic Mach numbers inside the nozzle (flight conditions) and hence a refined wall resolution was required to capture the thin boundary layers near the walls. A variable wall-normal spacing was used to keep the y + values within the range of 30 ∼ 300 and hence wall functions were used for the near wall turbulence. y + is defined as
where U * is the frictional velocity at the nearest wall and ν is the kinematic viscosity of the fluid. The mesh for the baseline ejector nozzle with clamshells consisted of 28 blocks resulting in a total of 2.0 million cells. The computational domain for Design I consisted of a total of 29 blocks resulting in a total of 3.36 million cells. The total number of blocks included one unstructured block enclosing the region of the clamshell doors and chevrons. Figure 5(a) shows the computational mesh for the Design I nozzle. Similarly, the computational mesh for Design II consisted of 31 blocks resulting in a total of 3.56 million cells. This mesh is shown in Figure 5 (b). 
B. Boundary Conditions
The boundary conditions for the present CFD simulation were the take-off conditions with a nozzle pressure ratio (NPR) of 1.7. For the ANSYS FLUENT flow solver, the use of pressure-based boundary conditions for high NPR and Mach numbers are recommended for numerical stability and faster convergence. Moreover, in the ANSYS FLUENT version 6.3.26 flow solver, the ideal gas equation (required for the definition of density in compressible flows) can only be used with pressure-based boundary conditions. For the above mentioned reasons, the pressure-based boundary conditions were used in all the flow solvers for various inlets, far field and outlet boundaries. The boundary conditions were pressure-inlet at the inflow boundary, inviscid-wall along symmetry planes, pressure far field along the outer freestream boundary, and pressure-outlet at the exit. The outer freestream boundary was treated as the pressure far field in the case of the ANSYS FLUENT and Rolls-Royce HYDRA-CFD. In the ANSYS CFX flow solver, the opening with entrainment boundary condition was used which allows both flow entrainment into the domain (uses static conditions) or flow out of the boundary (uses total conditions). The numerical values of the boundary conditions are shown in Table 2 .
C. Computational Solver
In the present ejector nozzle design work, three different CFD flow solvers viz. two commercial flow solvers and Roll-Royce in-house CFD code, were used to analyze the nozzle flow field. The flow solvers were the ANSYS FLUENT 15 v6.3.26, the ANSYS CFX 16 release 12.1 and the Rolls-Royce HYDRA-CFD 17 v6.16. The two commercial codes are based on different algorithms and hence the present design work also serves the study of the prediction capability of Rolls-Royce in-house HYDRA-CFD flow solver for ejector nozzle flows. The previous validation work 7 for this class of ejector flows showed that the k-ω shear stress transport (SST) turbulence model 18 with wall functions gives the best prediction. Hence this turbulence model was used in current simulations except simulations involving the HYDRA-CFD flow solver.
ANSYS FLUENT
The ANSYS FLUENT v6.3.26 flow solver was used for the 3-D, steady CFD simulation. The ANSYS FLUENT is a cell-centered finite volume, segregated/coupled, implicit/explicit, pressure-based/density-based solution technique. In cell-centered schemes, the flow variables are stored at the center of the mesh elements as shown in Figure 6 . Hence, the ANSYS FLUENT is more costly to run when compared to the ANSYS CFX which is a cell-vertex finite volume flow solver. The ANSYS FLUENT is also sensitive to poor mesh, and hence requires tunings to get converged solution for complex geometries. The ANSYS FLUENT provides a capability to access its in-built functions by the application of user defined function (UDF) which are well documented and flexible.
The solver settings in ANSYS FLUENT for the present work were similar for the CFD simulation of both Design I and Design II. A NPR of 1.7 results in a M throat of the order of 0.9 and hence the computational simulation of the compressible equations mandated a coupled solver. For this reason, the density-based explicit coupled solver was used for the numerical stability and better convergence. In general, the explicit coupled solver requires less computational time compared to the implicit coupled solver. The system of Reynolds-averaged Navier-Stokes (RANS) equations was closed using Menter's k-ω SST turbulence model with wall functions.
The converged solution was obtained by using the underrelaxation values of 0.5 for the turbulent kinetic energy, 0.7 for the specific dissipation rate and 0.7 for the turbulent viscosity. A Courant-Friedrichs-Lewy (CFL) number of 1.0 was used because of the numerical stability issues associated with the hybrid grid. The convergence was monitored using the residuals of the flow variables, the iteration history of the velocity magnitude at a point in the flow field, and the mass balance between the inflow and outflow. When the velocity magnitude reached a steady state value, the solution was considered to be converged. In this case, the iteration history of the velocity magnitude oscillated about a mean converged value because of the presence of a separation bubble on the clamshells.
ANSYS CFX
The ANSYS CFX v12.1 general purpose unsteady Navier-Stokes flow solver was used as the second flow solver in the present design work. The ANSYS CFX flow solver involves a cell-vertex finite volume, coupled implicit, pressure-based solution technique. In vertex-based schemes, the flow variables are stored at the vertices of the mesh elements as shown in Figure 6 . This pressure-based solver consists of the Rhie and Chow velocity-pressure coupling resulting in a fully coupled equation system.
The ANSYS CFX uses an unstructured finite element-based finite volume method. The finite element nature is implemented by the application of shape functions to describe the way a flow variable changes across each mesh element. The ANSYS CFX assembles the control volumes around the element vertices, resulting in polyhedral control volumes and hence there are fewer nodes than cells with an unstructured mesh. This results in a very fast convergence when compared to the ANSYS FLUENT flow solver. It was observed that the ANSYS CFX is less sensitive to poor mesh quality and very robust for steady problems. The ANSYS CFX uses an easy-to-use CFX command language (CCL) to access in-built functions. Menter's k-ω SST turbulence model was used for CFD simulations involving the ANSYS-CFX flow solver.
HYDRA-CFD
As the third flow solver, the Rolls-Royce CFD code HYDRA-CFD was used for RANS calculations. The HYDRA-CFD is a suite of non-linear, linear, unsteady and adjoint solvers being developed collaboratively by Rolls-Royce and its partners. It is a general purpose 3-D, computational fluid flow solver which uses an efficient edge-based data structure. 19 The flow equations are integrated around medial-dual control volumes using a MUSCL-based flux-differencing algorithm. The discrete flow equations are preconditioned using a Block-Jacobi preconditioner and iterated towards steady-state using the 5-stage Runge-Kutta scheme of Martinelli. 20 Convergence to steady state is further accelerated through the use of an element-collapsing multi-grid algorithm. Non-linear unsteady calculations are performed using either explicit or implicit dual time-stepping.
The HYDRA-CFD has the capability to predict inviscid, laminar and turbulent flows. The current production version includes the Spalart-Allmaras turbulence model, the standard k-turbulence model and other higher order turbulence prediction methodologies such as large eddy simulations (2-D and 3-D LES) and detached eddy simulations (DES). The RANS solution presented here uses the standard k-turbulence model with wall functions. A constant CFL value of 2.0 was used during the entire flow simulation.
VI. Results and Discussion
As discussed in the previous work, 7 a zone of recirculation was encountered during the experimental investigation of the ejector nozzle with clamshells at subsonic flow conditions. Similar flow features were predicted in CFD simulations. Similar recirculation zones were obtained at the inner surface of the clamshell doors at flight conditions. Hence, chevrons were implemented as a measure to decrease the extent of the flow recirculation. In addition to the nozzle flow field analysis, ejector nozzle performance characteristics were also studied for the above mentioned three configurations.
A. Nozzle flow field
The results from the CFD simulation of the ejector nozzle with clamshell doors and chevrons are discussed in this section. These results are compared with the ejector nozzle without chevrons. Qualitative data are presented in the form of Mach number and turbulent kinetic energy (TKE) contours on the nozzle symmetry plane. Quantitative data presented are normalized using the equivalent diameter D EQ = 1.165 m. of the nozzle throat cross-section for length scale which is defined as:
The origin of the nozzle geometry is shifted to the center of the nozzle throat plane for postprocessing the results. The visualization of the complex 3-D flow field of the baseline ejector nozzle, obtained using the ANSYS FLUENT flow solver, is shown in Figure 7 and the ejector nozzle with 14 chevrons (Design II) is shown in Figure 8 . It is evident that the application of chevrons significantly alters the nozzle flow. 
Baseline ejector nozzle at flight conditions
The computational simulation of the baseline ejector nozzle at flight conditions shows a zone of flow separation at the inner surface of the clamshells. Figure 9 shows the contours of Mach number and turbulent kinetic energy on the Z=0 symmetry plane. Mach number contour lines are shown on the top half of the symmetry plane in Figure 9 (a),(c) and (e). The bottom half of the symmetry plane shows the contour lines for negative axial velocity showing the extent of reverse flow. In general, a good agreement is obtained among three flow solvers. The shear layers originating from the primary nozzle are predicted well in the case of FLUENT and CFX. It is also observed that the length of the potential core for CFX is shorter than that for FLUENT and HYDRA-CFD. This may be because of the difference in the turbulence model used in simulations. The recirculation zones are similar in extent when compared between CFX and HYDRA.
Design I
Design I consists of 8 actual chevrons, with the chevron-crest on the Z=0 symmetry plane. Figure 10 shows the contours of Mach number and turbulent kinetic energy on the symmetry plane. A recirculation zone with decreased extent is predicted at the inner surface of the clamshells. Figure 11 shows the contour plots corresponding to the chevron-trough plane. In the chevron-trough plane, the high speed nozzle flow entrains into the shear layer and results in its attachment with the inner surface of the clamshell doors. In the chevron-crest plane, which is aligned with the axis of the kidney vortex and Z=0 symmetry plane, there is not much entrainment of the high speed flow. Hence the flow separates from the clamshell doors after a certain distance along the nozzle axis. It is evident that the zone of separation near the inner surface of the clamshells is decreased in size when compared to the baseline ejector nozzle case without chevrons. The addition of chevrons increase the mixing and hence the levels of the turbulent kinetic energy are decreased when compared with the baseline ejector nozzle.
Design II
Design II is based on the dimensions for 14 chevrons. The presence of the clamshell door-supports allow the placement of only 10 chevrons. Design II is different from Design I in the sense that the chevron-trough is aligned with the nozzle Z=0 symmetry plane. This results in a clocking of the vortices so that high speed flow is entrained into the shear layer on the plane where the maximum flow separation is present. Figure 12 shows the contours of Mach number and turbulent kinetic energy on the symmetry plane. The flow separation, observed in the case of the baseline nozzle and Design I, is completely removed in the chevron-trough plane because of the attachment of the shear layers. On the chevron-crest plane, a region of flow separation is observed as shown in Figure 13 . Therefore, the flow separation zone observed in Design I is redistributed and divided into two smaller zones by increasing the number of chevrons from 12 to 14.
Hence, it is concluded that the extent of flow separation and recirculation zone is decreased considerably with the application of chevrons. Each chevron results in the formation of a counter-rotating vortex in the streamwise direction which are of the shape of a kidney. This causes an enhanced mixing between the nozzle flow and the ejector flow and the shear layer spreads more outwards. The nozzle flow stays attached to the clamshell's inner surface entirely on the chevron-trough plane and until around half the axial length of the clamshell doors on the chevron-crest plane. The recirculation zone is still present at the rear end of the clamshells. The effect of chevrons on the nozzle and ejector performance is discussed below.
B. Nozzle performance
One of the advantages associated with the ejector nozzle is the thrust augmentation. This is because of the addition mass flow introduced into the primary nozzle flow through the ejector slots. Therefore, the thrust performance of the ejector nozzle is dependent on the ejector flow. One of the objectives of this design study was to analyze the effect of chevrons on the ejector flow. It is observed that the addition of chevrons resulted in an increased nozzle-inlet mass flow by 10.7% for Design I and 9.4% for Design II. The reason for this increased primary inlet flow is not well understood and is a topic which deserves further investigation. The addition of chevrons increased the primary nozzle exit area and this may be the reason for the above mentioned behavior. Table 3 shows a quantitative measure of the secondary flow, entrained into the primary nozzle flow for the baseline ejector nozzle, the ejector nozzle with 12 chevrons and the ejector nozzle with 14 chevrons. The ejector performance is represented by the ratio of the secondary mass flow entrained through the ejector slot (ṁ ej ) to the primary nozzle mass flow (ṁ in ). It was observed that the increase in the number of chevrons from 12 to 14 resulted in an improved mass entrainment because of the enhanced mixing. However, the mass entrainment was diminished in the case of 12 and 14 chevrons when compared with the baseline design. The reason behind this flow phenomenon was not well understood. The nozzle performance predictions using ANSYS FLUENT and ANSYS CFX are in good agreement with each other. The HYDRA-CFD flow solver predicts low secondary mass entrainment when compared with the other two solvers. This may be because of the application of the k-turbulence model in HYDRA compared to the k-ω SST turbulence model in FLUENT and CFX.
Discussion on the centerline statistics
Nozzle flow variables along the nozzle-axis are of utmost importance in understanding the characteristics of the jet. Figure 14 shows the distribution of the centerline velocity magnitude with respect to the normalized axial distance along the streamwise direction, obtained by the application of the ANSYS FLUENT solver. The fundamental characteristics of jet flows such as the constant velocity potential core and inverse-spreading of the jet with respect to axial distance are well captured. The oscillations in the potential core region shows the presence of weak Mach waves. It was observed that the length of the potential core was longer for the chevron nozzle when compared with the baseline nozzle. This may be because of the reason that the separated jet flow in the baseline case pushes the streamlines closer creating a smaller jet; and therefore a shorter jet potential core length. In conclusion, this issue of longer potential core length in the case of chevrons when compared with the baseline design is not well understood.
The variation of the total temperature with respect to the axial distance is shown in Figure 15 . Increasing the number of chevrons from 12 in Design I to 14 in Design II resulted in enhanced mixing. This is evident from the decrease in the length of the potential core for Design II when compared with Design I.
VII. Conclusions
The computational simulation of the ejector nozzle was successfully carried out at flight conditions. The present design of the ejector nozzle with clamshells showed a recirculation zone at the inner surface of the clamshells. The preliminary design of the ejector nozzle with clamshells and chevrons was completed and the computational results obtained by the CFD simulations were discussed. In general, good agreement was obtained among ANSYS FLUENT, ANSYS CFX and Rolls-Royce HYDRA-CFD code. Low mass entrainment was predicted in the case of HYDRA-CFD which may be associated with the difference in the turbulence model used.
Two configurations with a different number of chevrons were designed and their computational simulations were performed. Design I consisted of 12 chevrons which resulted in the alignment of the chevron-crest plane with the Z=0 symmetry plane. Design II consisted of 14 chevrons and ensured that the chevron-trough plane was aligned with the Z=0 symmetry plane. A reduction in the extent of flow separation was observed in both Design I and Design II when compared with the baseline ejector nozzle. The addition of chevrons showed decreased ejector performance when compared with the baseline ejector nozzle. There is also an increase in the length of the potential core for ejector nozzles with chevrons. This phenomenon is not well understood and deserves further investigation. 
